Multilayer steels have been developed to provide a novel route to achieving higher-performance steels by employing a high-strength steel and a high-ductility steel independently in the layer structure. In this article, a background to the development, design, fabrication, properties, and applications of multilayer steels are overviewed. Multilayer steels exhibit improved combinations of strength and ductility compared with existing monolithic steels and also excellent deformation behaviors under high-strain-rate deformation as well as good formability. Those improved performances of multilayer steel are achieved by increased interfacial toughness between the layers and decreased thickness of the brittle steel layers according to the fracture toughness of the brittle steel and the strength of the ductile steel. The concept of multilayer steels is extended by applying different combinations of components, such as Mg-steel multilayer composite.
Introduction
Over the last century, as a result of the significant progress in the science and technology of steel, a number of steels have been developed by employing different combinations of alloying elements, reducing the amount of impurities and inclusions, and controlling the microstructure and grain structure. In particular, control of the microstructure is the key to the development of advanced, high-performance steels, and has been achieved by heat treatment, or more recently, by thermomechanical processes together with alloy designs of steels. 1) Typical examples of microstructure control can be seen in the recent advanced automobile steels; DP (Dual-Phase) and TRIP (TRansformation-InducedPlasticity) steels. Their microstructures are schematically shown in Fig. 1 ;
2) both have multiphase microstructures consisting of hard phases, such as martensite and hardenable austenite, and soft phases, such as ferrite, to achieve the high strength and high ductility required for a lightweight but collision-safe automobile steel body. The multiphase microstructure is effective for simultaneously improving the conflicting requirements of strength and ductility, and thus, is expected to be further applied to the development of steels with even higher strength-ductility combinations to meet the never-ending demands for lighter and safer steel structures. 3) However, the amounts and compositions of the constituent phases are dependent on each other, being restricted thermodynamically by the composition of the steel and the heat treatment temperature. Thus, the design of multiphase steels having higher strength and higher ductility is not easy or straightforward for monolithic steels. In addition, during the deformation of a multiphase microstructure, the applied strain is always concentrated at the soft phases because the hard phases are not deformed, which results in the evolution of voids in the soft phases or at the interface between the soft and hard phases. This eventually leads to fracture due to the coalescence of voids, as schematically shown in Fig. 2 . 4) If the amount of the hard phases is increased to improve the strength, the strain concentration at the soft phases also increases, which may accelerate the voiding causing the failure to occur with less elongation.
The design of multilayer steels overviewed here started from a deadlock in the design of monolithic high-performance steels as mentioned above, and was intended to provide an alternative route to achieving higher-performance steels apart from monolithic steels. If a multilayer steel structure is artificially fabricated, for instance, by the roll bonding of stacked steel plates, then hard and soft phases can be allocated independently along the thickness direction, and thereby the fractions and compositions of the hard and soft phases can be selected independently, which has not been achieved for monolithic steels. In addition, when a multilayer steel sheet is subjected to uniaxial tensile stress or plane stress parallel to the sheet, the stress should be partitioned to both the hard and soft phases, and the partitioned stress should promote the deformation of not only the soft phases but also the hard phases, in contrast to the case of monolithic hard-phase dispersed steel. In fact, as will be described in detail later, in our studies, 5) the partitioning of applied stress was fully confirmed by performing neutron diffraction measurements during a tensile test on multilayer steel, and thereby, large elongation can be achieved in a layer of brittle as-quenched martensitic steel as well as in a ductile layer if the multilayer steel is suitably designed.
The concept of metalmetal laminate composites is not new and their fabrication has been attempted for a long time.
613) Many of the attempts were carried out with the aim of improving the toughness of brittle metals by combining them with ductile metals, but attempts to improve the ductility of brittle metals have been quite limited. Lesuer et al. 6) summarized the strength and ductility of different laminated metals combining brittle and ductile metals. They confirmed that the yield strength (· y ) of a laminated metal containing equal amount of strong and weak components follows the "rule of averages", as shown in Fig. 3(a) , but found that the fracture elongation (e f ) is less than the average of the elongations of the two components when e f for the brittle component decreases to close to zero as shown in Fig. 3(b) . 6, 7) This applies in the case that as-quenched martensitic steel is employed as a strong, brittle component of a laminated metal, since its fracture elongation is a few percent at most and usually much lower. However, to develop a multilayer steel with a combination of high strength and high ductility, which is difficult to achieve for monolithic steels, the use of martensitic steel is a prerequisite. Therefore, to enable the design of multilayer steels, it is necessary to investigate the factors affecting the ductility of the brittle martensite layer and how to improve it by multilayer structure, which require a completely different approach from the investigations of conventional composite materials.
Design of Multilayer Steel
The primary reason for the low ductility of laminated metals, as shown in Fig. 3(b) , is brittle fracture initiating from the brittle metal layer. 14, 15) The fracture is often associated with the delamination of layers, as also pointed out by Syn et al. 12) In the case of multilayer steel containing as-quenched martensitic steel as the brittle layer, if there is delamination between the layers, the martensitic steel will behave as a single component without any constraint from the adjacent ductile layer, and will rupture easily at an early stage of deformation. Also, brittle fracture in the martensitic steel layer can propagate through the layer even without delamination, which is called a tunnel crack. 16 ) Typical examples of a fracture associated with delamination and a tunnel crack, i.e., a fracture without delamination, found in multilayer steels we have examined are shown in Figs. 4(a) and 4(b), respectively. 14, 15) It is necessary to suppress such internal cracks and fractures during deformation to obtain high ductility of multilayer steel.
To examine the adverse effect of delamination, Nambu et al. 14) investigated the effect of the interfacial toughness between layers on the fracture elongation and fracture behavior of multilayer steels. Three-layer steel composites including as-quenched martensite at the center were prepared by either adhesive bonding or cold roll bonding, and the interfacial toughness between the layers was evaluated by a 180 degree peel test, where adhesive-bonded interfaces exhibited low interfacial toughness while interfacial tough- ness of roll-bonded interfaces depended on the rolling and subsequent heat-treatment conditions. Fracture associated with delamination was observed when the interfacial toughness was low, but it was suppressed, and thereby the elongation of the multilayer steel was improved with increasing interfacial toughness between the layers, as shown in Fig. 5 . While multilayer steels with high interfacial toughness exhibit large elongation before rupture, resulting in necking and ductile fracture surface, those with low interfacial toughness are likely to fail in the middle of deformation, exhibiting delamination and brittle fracture in the martensite, when the bonded interfaces start to become unstable with increasing strain, as also shown in Fig. 5 .
Sufficient interfacial toughness to suppress delamination is important for multilayer steels. Although the initial cause of the delamination is unclear, which could be due to initial imperfections, defects or other factors at or around the interface, the analysis of H-shape crack 17, 18) may be applicable as a criterion for a crack not to extend along the interface. This criterion is given by
where t B is the thickness of the martensitic steel layer, E B Young's modulus of the martensitic steel and · the stress imposed on the martensitic steel layer. Assuming the Fracture found in a strong (or brittle) layer that deteriorates the elongation of multilayer steel, (a) fracture associated with delamination, 14) and (b) tunnel crack through the layer. 15) thickness of the martensitic steel layer to be 500 µm, the relationship between the interfacial toughness and the elongation as a function of applied stress is also depicted in Fig. 5 as a dotted line. This criterion appears to provide a reasonable means of determining sufficient interfacial toughness to prevent failure associated with delamination. For a tunnel crack, the following criterion has already been proposed for suppressing crack extension as a result of research on layered semiconductors:
where t B and K IC are the thickness and fracture toughness of the layer component of interest, respectively, and · is the stress imposed on the martensitic steel layer. This criterion indicates that the layer thickness should be decreased with decreasing fracture toughness of the component to prevent the extension of a tunnel crack, suggesting that a decrease in the layer thickness of the martensitic steel leads to an increase in the ductility of the multilayer steel. Certainly, decreasing the layer thickness of the martensitic steel is effective for suppressing the brittle fracture of martensite in the early stage of deformation and for increasing the elongation of the multilayer steel, as shown in Fig. 6 . Note that the multilayer steels employed in Fig. 6 consist of Type 420 fully martensitic stainless steel as the brittle layer and Type 304 austenitic stainless steel as the ductile layer. Moreover, Type 420 steel exhibits extremely low elongation if tensile-tested alone and extremely low fracture toughness. Without the multilayer structure with the controlled layer thickness, Type 420 martensitic steel could not have been elongated up to such a high strain. The fracture surface of the Type 420 steel layer also changes from brittle to ductile dimpling as the elongation increases, as shown in Fig. 7 . The above criterion, however, was derived assuming that the components are elastic, and more realistically, we need to consider the plastic zone in ductile layers in the vicinity of a tunnel crack in the case of laminated metals. Inoue et al. 15) proposed the following modified criterion for an elastoplastic case: where · Y,D is the yield strength of a ductile layer next to a brittle layer containing a tunnel crack. Figure 8 shows a comparison of the two criteria, where the elongation of a multilayer steel is plotted against the thickness of the brittle martensitic layer. Two types of multilayer steel were employed for the comparison; one consists of as-quenched martensitic steel and Type 304 austenitic stainless steel as brittle and ductile layers, respectively, and the other consists of as-quenched steel and low-carbon steel (SPCC). The solid lines in the figure correspond to the criteria for elastic and elasto-plastic cases, where K IC and · Y,D are the fracture toughness and yield strength of the martensitic steel and SPCC, respectively. When the ductile layer is made of Type 304 austenitic stainless steel, the trend of the increase in the elongation with decreasing brittle layer thickness is close to that predicted by the elastic criterion, probably due to the significant strain hardening of Type 304 steel. Moreover, when the ductile layer is made of SPCC, a trend close to that predicted by the elasto-plastic criterion is observed, due to the low work hardening of the SPCC. In other words, the actual transition to high elongation occurs between the two criteria, and the elasto-plastic criterion provides the lower boundary for the brittle layer thickness to achieve good elongation. The thickness range of the brittle layer to ensure high ductility is also a function of the fracture toughness of the brittle layer. Figure 9 verifies this for the case of multilayer steels containing martensitic steels with different fracture toughnesses. It is shown that the thickness of the brittle layer necessary for sufficient elongation of a multilayer steel can be increased by increasing the toughness of the brittle component, and thereby, we can increase the layer thickness and decrease the number of layers by choosing martensitic steels with greater toughness.
Fabrication and Mechanical Properties of Multilayer Steels
On the basis of the above design principles, different multilayer steels have been produced at the laboratory scale. First, a stack of steel plates comprising high-strength steels and high-ductility steels was prepared. A martensitic steel was used for the high-strength steel, and for high-ductility steel, an austenitic steel or ferritic steel such as DP steel or TRIP steel was applied depending on required strength and ductility. Then the stack of steel plates was either hot-, warm-or cold-rolled to bond the steel layers and to adjust the total thickness and the thickness of each layer. Although hot rolling enables good bonding of the layers with relatively small reduction, the diffusion of solutes, particularly carbon, across the layers during rolling can degrade the mechanical properties of both high-strength and high-ductility layers, while a large reduction is needed to bond the layers in cold rolling. Therefore, temperatures and other process variables of the roll-bonding process were carefully selected to improve the properties of the layer interfaces and components. Finally, the roll-bonded plates were heat-treated to achieve the desired microstructure of each layer, i.e., asquenched martensite for the high-strength layer, as well as to ensure interfacial strength between the layers. A thin layer of nickel was often inserted between the layers to prevent the diffusion of carbon across the layers during the hot rolling and subsequent heat treatment. Alternatively, the activity of carbon in high-strength and high-ductility steels can be adjusted to limit carbon diffusion at the temperatures used for the rolling and heat treatments.
The tensile strength and fracture elongation of multilayer steels that we have developed are shown in Fig. 10 , along with the strength-elongation ranges of conventional automobile steels, which are often called "banana curve" owing to the concave shape. The data plotted in the figure are for combinations of Type 420 martensitic stainless steel and Type 301 austenitic stainless steel, and the variation of the data is because of the different heat-treatment conditions and volume fractions. It is evident that high-level combinations of strength and ductility, such as tensile strength higher than 1200 MPa and fracture elongation larger than 20%, were simultaneously achieved by the multilayer steels. If we consider the product of tensile strength (TS) and fracture elongation (EL), which roughly corresponds to energy absorption before rupture, most conventional automobile steels have products of about 12,000 MPa% and lie on the "banana curve", (see the dotted line representing 12,000 MPa% in the figure), and the TRIP steel has a slightly higher value. In contrast, the products for the multilayer steels are more than double those of the conven- tional monolithic steels. The strength-ductility range that the multilayer steels achieved has been the target of the thirdgeneration advanced high-strength steels (AHSSs) in recent years, 2) and the figure shows that multilayer steels are clearly a means of achieving the next-generation high-performance steels. Figure 11 shows a cross section of a multilayer steel consisting of Type 420 martensitic steel and Type 304 austenitic steel, where a total of twenty-five 40-µm-thick Type 420 and Type 304 steels are alternately stacked to form a 1-mm-thick sheet. Note that the use of such thin layers and the large number of layers are due to the extremely low fracture toughness of as-quenched martensitic Type 420 steel, as mentioned in the previous section; thickness can be increased and the number of layers decreased if a steel with higher fracture toughness is used as the high-strength layer. However, it was clearly demonstrated using Type 420 martensitic stainless steel that even such a brittle steel can be elongated up to a strain of as high as 20% or even more by suitable design of the multilayer steel. Also note that, although the data plotted in Fig. 10 are for combinations of Type 420 and Type 301 steels, we have confirmed that similar strength-elongation ranges can be attained by other steel combinations including a low-alloy martensitic steel combined with a low-alloy TRIP steel.
It was mentioned in the introduction that stress is partitioned to both brittle and ductile layers by the layer structure, and this partitioning of stress is the key to elongating the brittle layers in multilayer steel. The stress partitioning was verified by in-situ neutron diffraction measurements during a tensile test of a multilayer steel consisting of low-carbon martensitic steel and Type 316 austenitic stainless steel. 5) The relationships between the applied stress and lattice strain obtained are shown in Fig. 12 . It is revealed that the martensitic layer deforms elastically bearing an increasing proportion of the applied stress while the austenite yields up to an applied stress of 400 MPa, and that above 400 MPa the austenitic layer starts to bear a larger fraction of the applied stress as a result of work hardening when the martensitic layer yields. In this way, stress partitioning and the transfer of stress between the layers change with the applied stress, ensuring the control of the deformation of both high-strength and high-ductility layers.
Performance and Applications of Multilayer Steels
One of the prospective applications of multilayer steels is as structural steel for automobiles, since higher combinations of strength and ductility are required for lighter but rigid and collision-safe body structures and also for good formability in the production. For collision-safe body structures, deformability under high-strain-rate deformation is particularly essential, and multilayer steel also provides good performance in this regard. Figure 13 shows the stressstrain curves of a multilayer steel consisting of Type 420 martensitic steel and Type 301 austenitic steel under different strain rates, showing that good ductility is retained even under high strain rates of up to 800/s and that fracture elongation does not change significantly with the strain rate. This is in contrast to monolithic ferritic steels. Although the deformation behavior of multilayer steel must be investigated in greater detail, it is noteworthy that as-quenched martensite can be deformed under high strain rates without any brittle fracture. Figure 14 shows rectangular boxes made of a multilayer steel and a conventional DP steel after high-speed buckling, which simulates the collision deformation of front-side members of automobiles. The multilayer steel, consisting of Type 420 martensitic steel and Type 301 austenitic steel and having a tensile strength of 1,200 MPa, deforms in exactly the same way as the 590 MPa DP steel, but still has room for additional deformation, in contrast to the DP steel under the same loading conditions. Note that there was no delamination or local brittle fracture in the multilayer steel during the buckling deformation. Figure 15 shows the result of an impact bending test that simulates the collision deformation of pillars of automobiles. Compared with the conventional 590 MPa DP steel, the multilayer steel exhibits significantly higher impact bending strength. The formability of structural steel is important for the production of automobiles. Some high-strength steels have poor formability owing to their low ductility, and heating is often needed to assist their forming, which decreases productivity. The formability of multilayer steel, on the other hand, is much greater than that of conventional high-strength steels. 19) Figure 16 (a) shows the forming limit diagram (FLD) of a multilayer steel with a strength of 1200 MPa and Fig. 16(b) shows an example of a cold-formed multilayer steel. The FLD is similar to those of current DP steels and TRIP steels with good formability, and the example shown confirms the good formability for its strength.
Welding and joining are also necessary for the application of multilayer steels in steel structures. We have found that friction stir welding is feasible for the welding of multilayer steels by using a tool made of tungsten carbide. 20) Figure 17 shows a cross section of a welded joint of a 15-layer multilayer steel. The welded joint exhibited high strength with a joint efficiency of 90%. The failure position observed in the joint in a tensile test was found to be the heat-affected zone, where the softening of martensite occurred as a result of tempering. It is interesting to note that the layer structure remains not only in the heat-affected zone but also in the stirred zone.
Basic Research on Multilayer Steel
Multilayer structures are useful for investigating the deformation behavior of as-quenched martensite under tensile loading, which remains poorly understood.
2123) By controlling the fraction and thickness of layers, even brittle martensite can be significantly elongated as shown by the tensile test specimens in Fig. 18 . In this investigation, a multilayer steel containing an as-quenched low-carbon martensitic steel was tensile-tested in a SEM, and the deformation was observed in-situ on the surface of the lath martensite coupled with EBSP analysis. It was found that when the martensite deformed, slip bands parallel to martensite laths were induced, and the number of slips increased with the strain, in martensite blocks with a high Schmid factor for the in-lath plane slip systems, as shown in Fig. 19 . When the strain exceeded a certain level, typically 20%, slips started to appear across martensite laths. The results were also supported by digital image correlation using the dispersion of gold nanoparticles on a martensitic steel layer. It was confirmed that strain was concentrated in blocks with a high Schmid factor for the in-lath plane slip systems, and that other blocks with a relatively low Schmid factor for the in-lath plane slip systems were not significantly strained, even though they had a high Schmid factor for the out-of-lath plane slip systems (Fig. 20) .
Such localized strain concentration and deformation are due to the crystallographic anisotropy of lath martensite, and they become evident when the macroscopic strain reaches at least a few percent, below which blocks appear to be deformed uniformly without noticeable strain localization, as shown in Fig. 21 . This suggests that dislocation motion is affected by the anisotropy of lath martensite after some deformation. More recent studies 24, 25) have revealed that nonuniform deformation occurs even within a block, which causes a significant complication of the martensitic microstructure. This suggests an effect of the substructure on strain localization.
Extension of the Concept of Multilayer Steel
The rationale for using multilayer steel is to increase the ductility of the brittle material while maintaining sufficient strength through the rule of average. In this respect, different brittle materials can be applied as a layer component of multilayer steel not only for high strength but also for other purposes. For instance, multilayer materials with both Fig. 18 Tensile-test specimens of monolithic martensitic steel and multilayer steel containing a martensitic steel layer. 21) specific strength and ductility may be possible if light metals are inserted as a layer component along with ductile steels. Also, if a high-impurity recycled steel is employed as a brittle but high-strength layer, more environmentally friendly highperformance steel may be possible with reduced energy consumption and CO 2 emission in steel making. 23) metal in commercial use, but its use as a sheet material has been limited due to low ductility owing to its h.c.p. crystal structure. We developed a new liquid-phase bonding process for magnesium and steel 26) and applied it to fabricate a multilayer metal consisting of AZ31 magnesium alloy (Mg 3%Al1%Zn) and Type 304 austenitic steel as shown in Fig. 22(a) . 27) The elongation of the magnesium alloy and its strength are improved significantly by the multilayer structure, as shown in Fig. 22(b) . There was no fracture in AZ31 or no delamination between AZ31 and the Type 304 steel, and the AZ31 was clearly elongated much further than its monolithic sheet. The specific strength of this multilayer metal is almost the same as that of a 1200 MPa steel. In this way, the concept of a multilayer steel can be extended to different multilayer steels that are stronger, lighter and more environmentally friendly.
Conclusions
A background to the development, design, fabrication, properties and applications of multilayer steels were overviewed in this article. The conclusions of the article are as follows:
(1) The development of multilayer steel was intended to achieve both high strength and high ductility by employing a high-strength steel and a high-ductility steel independently in the layer structure. (2) The design of multilayer steels has been established with the aim of achieving both strength and ductility. This requires increased interfacial toughness between the layers and decreased thickness of the brittle steel layers according to the fracture toughness of the brittle steel and the strength of the ductile steel. 
